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Edited by David LambethAbstract Partially reduced metabolites of molecular oxygen,
superoxide (O2 ) and hydrogen peroxide (H2O2), are detected
in respiratory tract lining ﬂuid, and it is assumed that these
are key components of innate immunity. Whether these reactive
oxygen species (ROS) are produced speciﬁcally by the respira-
tory epithelium in response to infection, or are a non-speciﬁc
by-product of oxidant-producing inﬂammatory cells is not well
characterized. Increasing evidence supports the hypothesis that
the dual function NAD(P)H oxidases/peroxidases, Duox1 and
Duox2, are important sources of regulated H2O2 production in
respiratory tract epithelium. However, no studies to date have
characterized the regulation of Duox gene expression. Accord-
ingly, we examined Duox1 and Duox2 mRNA expression by
real-time PCR in primary respiratory tract epithelial cultures
after treatment with multiple cytokines. Herein, we determined
that Duox1 expression was increased several-fold by treatment
with the Th2 cytokines IL-4 and IL-13, whereas Duox2 expres-
sion was highly induced following treatment with the Th1 cyto-
kine IFN-c. Duox2 expression was also elevated by
polyinosine-polycytidylic acid (poly(I:C)) and rhinovirus infec-
tion. Diphenyleneiodonium (DPI)-inhibitable apical H2O2 pro-
duction was similarly increased by the addition of Th1 or Th2
cytokines. These results demonstrate for the ﬁrst time the regu-
lation of Duox expression by immunomodulatory Th1 and Th2
cytokines, and suggest a mechanism by which ROS production
can be regulated in the respiratory tract as part of the host de-
fense response.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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It is well established that hydrogen peroxide (H2O2) and
heme peroxidases are central players in host defense. This
model is best illustrated by the neutrophil-derived myeloperox-
idase (MPO)–H2O2–halide system, in which MPO utilizes
H2O2, obtained from the phagocytic NAD(P)H oxidase
(Nox2), and chloride to generate hypochlorous acid [1]. Recent
studies suggest the fact that an analogous mechanism is uti-*Corresponding author. Fax: +1 530 752 8632.
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doi:10.1016/j.febslet.2005.08.002lized by the respiratory tract epithelium for host defense, inde-
pendent of neutrophil-derived MPO.
For instance, Conner et al. [2–4] have demonstrated in sheep
trachea that lactoperoxidase (LPO), a homologue of MPO,
catalyzed a reaction between H2O2 and thiocyanate anion to
generate hypothiocyanate, a potential bacteriocidal product.
They concluded that suﬃcient H2O2 and thiocyanate ion were
available in the respiratory tract surface ﬂuids to support this
model, but the cellular source of H2O2 remained elusive.
The identiﬁcation of dual function NADPH oxidase/heme
peroxidase (Duox) proteins in respiratory tract epithelial cells
suggested a cellular source of H2O2 [5]. Duox genes, ﬁrst iden-
tiﬁed by two independent laboratories [6,7], are part of the
NAD(P)H oxidase family [8]. The two Duox isoforms (Duox1
and Duox2) share greater than 85% homology at the amino
acid level and contain two well-characterized domains, an
NAD(P)H oxidase domain and a heme peroxidase domain.
The NAD(P)H oxidase portion of the protein, highly homolo-
gous to the gp91phox domain of phagocytic Nox2, is suggested
to produce H2O2, and is the likely source of H2O2 production
in human tracheobronchial epithelial (TBE) cells [5,9–11]. The
heme peroxidase domain is closely related to several peroxi-
dases including MPO and LPO. Except for evidence in Caeno-
rhabditis elegans which strongly suggests Duox enzymes
catalyze oxidative tyrosine cross-linking reactions [12], func-
tional enzymatic activity of the Duox peroxidase domain has
not been directly established.
The current proposed role of Duox proteins as a component
of a peroxidase (LPO)–H2O2 (Duox)–pseudohalide (SCN
)
host defense system, and which mirrors the MPO–H2O2
(Nox2)–halide (Cl) system in neutrophils, is intriguing. How-
ever, several questions remain regarding the expression and
function of Duox isoforms in respiratory tract epithelium.
To better characterize regulation of Duox expression in the
respiratory tract, we examined expression of these two genes in
human primary respiratory epithelial cells under a variety of
proinﬂammatory conditions. To our knowledge, no data exist
characterizing the regulation of Duox gene expression in respi-
ratory tract epithelium. Herein we demonstrate that Duox1
mRNA expression is modestly induced by the Th2-speciﬁc
cytokines interleukin-4 (IL-4) and interleukin-13 (IL-13),
whereas Duox2 mRNA expression is markedly induced by
the Th1-speciﬁc cytokine interferon-gamma (IFN-c). In paral-
lel, apical H2O2 production was similarly increased by theseation of European Biochemical Societies.
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vated by a viral mimic, polyinosine-polycytidylic acid
(poly(I:C)), and rhinovirus, suggesting a role for Duox2 in
IFN-c-mediated viral clearance.2. Materials and methods
2.1. Cell culture from human tissues
Human primary tracheobronchial epithelial (TBE) cells, obtained
from the University of California at Davis Medical Center (Sacra-
mento, CA), were utilized for all of our experiments except for H2O2
measurements (see below). The University Human Subjects Review
Committee approved all procedures involved in tissue procurement.
In this study, tissues were collected only from patients without diag-
nosed lung-related disease. Protease-dissociated TBE cells were plated
on Transwelle (Corning Costar, Corning, NY) chambers (24 mm) at
1–2 · 104 cells/cm2, in a Hams F12/Dulbeccos modiﬁed Eagles med-
ium (DMEM) (1:1) supplemented with insulin (5 lg/ml), transferrin (5
lg/ml), epidermal growth factor (10 ng/ml), dexamethasone (0.1 lM),
cholera toxin (10 ng/ml), bovine hypothalamus extract (15 lg/ml), bo-
vine serum albumin (0.5 mg/ml), and all-trans-retinoic acid (30 nM) as
described before [13]. At one week, primary TBE cultures were trans-
ferred to air–liquid interface (ALI) culture conditions for an additional
week prior to treatment. Unless otherwise noted, cells were harvested
for mRNA after 24 h of cytokine treatment.
2.2. Cytokine treatment
Recombinant human IL-1a, 1b, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 15,
16, 17, 18, TNF-a, IFN-c, and GM-CSF were purchased from R&D
systems Inc (Minneapolis, MN). Cytokines (0–100 ng/mL) were dis-
solved in phosphate-buﬀered saline (PBS) with 1% bovine serum albu-
min (BSA) and added directly to both the apical and basal sides of the
primary TBE culture media. For untreated conditions, the same
amount of PBS-1% BSA, without cytokine, was added to the media.
2.3. Real-time RT-PCR expression analysis
Five lg of total RNA was reverse transcribed with MoMLV-reverse
transcriptase (Promega, Inc. Madison WI) by oligo-dT primers for 90
min at 42 C in 20 ll reaction volumes. Sample cDNAs were diluted
1:5 in water for use in real-time PCRs. Real-time PCR was performed
with an ABI 5700 or ABI PRISM 7900HT Sequence Detection Sys-
tem (Applied Biosystems Inc., Foster City, CA). Reactions were car-
ried out in 96-well optical reaction plates in a 50 ll ﬁnal volume
containing 25 ll of the SYBR Green (Applied Biosystems) PCR mas-
ter mix, 1 ll of each gene-speciﬁc primer, 2 ll of diluted sample cDNA,
and 21 ll of water. Gene-speciﬁc primers were designed to selectively
amplify Duox1 or Duox2 and relative expression values were normal-
ized using either b-actin or glyceraldehyde-3-phospate dehydrogenase
(GAPDH). PCR primers for Duox1, Duox2, b-actin and GAPDH
are shown in Table 1.
The SYBR Green (Applied Biosystems) ﬂuorescence was measured
at each extension step. The threshold cycle (Ct) value reﬂects the cycle
number at which the ﬂuorescence measurement reached an arbitrary
threshold. Duox expression values were normalized to the amountTable 1
Primer pairs used to amplify Duox1, Duox2, b-actin, and GAPDH for
real-time PCR analysis of Duox gene expression
Gene Primer pairs
Duox1 5 0-TTCACGCAGCTCTGTGTCAA-30
5 0-AGGGACAGATCATATCCTGGCT-30
Duox2 5 0-ACGCAGCTCTGTGTCAAAGGT-30
5 0-TGATGAACGAGACTCGACAGC-30
b-Actin 5 0-AGAAAATCTGGCACCACACC-30
5 0-GGGGTGTTGAAGGTCTCAAA-30
GAPDH 5 0-CAATGACCCCTTCATTGACC-30
5 0-GACAAGCTTCCCGTTCTCAG-30of GAPDH or b-actin at that threshold using the formula;
2(Ct of Duox  Ct of housekeeping gene) Melting curve analysis determined
the ampliﬁcation speciﬁcity. Real-time PCR was conducted in tripli-
cate for each sample and the mean value was calculated. Final ﬁgures
represent the results from at least two independent experiments.
2.4. H2O2 measurements
HBE1 cells, a papilloma virus-immortalized human TBE cell line
kindly provided by Dr. J. Yankaskas from the University of North
Carolina [14], were plated on Transwelle (Corning Costar, Corning,
NY) chambers (12 mm) at 1–2 · 104 cells/cm2, in a Hams F12/DMEM
(1:1) with supplements as described above. After one week, cells were
transferred to ALI culture conditions for one additional week followed
by cytokine treatment for 48 h (IL-4 (10 ng/mL), IL-13 (10 ng/mL), or
IFN-c (100 U/mL)). H2O2 measurements were performed at the end of
this 48 h period as described recently [11]. Brieﬂy, TBE cells were incu-
bated with 100 lL PBS in the apical chamber and culture media with
or without 1 lM diphenyleneiodonium (DPI) in the basolateral cham-
ber for one hour at 37 C. The Amplex Red Hydrogen Peroxide/Per-
oxidase Assay Kit (Molecular Probes, Inc. Eugene Oregon) was
utilized to measure ﬂuorescence of oxidized 10-acetyl-3.7-dihydroxy-
phenoxazine at the end of one hour as described [11]. Fluorescence
measured at Ex 535nm/Em 615 nm using a Wallac Victor
2 1420 Multi-
label Reader (Perkin–Elmer, Inc. Wellesley, MA) was expressed as rel-
ative ﬂuorescence units (RFU), and indirectly reﬂects apically
generated H2O2 levels. Horseradish peroxidase and 10-acetyl-3.7-
dihydroxyphenoxazine were added in excess to ensure H2O2 was the
limiting substrate. Cells exposed to DPI were pretreated for 30 min
in the basolateral chamber with 20 lMDPI prior to the one-hour incu-
bation period. Results for each treatment condition represent the
means and S.D. of six measurements; two samples each from three sep-
arate wells were measured.
2.5. Viral infection
Rhinovirus 1B (RV1B) stocks were obtained from Dr. Wai-Ming
Lee and viral titers were determined by plaque assay as described
previously [15]. PBS with or without RV1B were added apically to
well-diﬀerentiated human primary TBE cells. For RV1B infection, a
solution of 107 PFU/mL RV1B suspended in PBS were added to each
culture chamber containing approximately 106 TBE cells (resulting in a
multiplicity of infection of 10) for the time period speciﬁed in the text.
This protocol is similar to previously published techniques for viral
infection of primary TBE cells [16].3. Results
3.1. Th1/Th2-dependent expression of Duox1 and Duox2
Primary respiratory tract tracheobronchial epithelial (TBE)
cells grown in air–liquid interface (ALI) for one week were
treated for 24 h with a broad range of proinﬂammatory cyto-
kines. As shown in Fig. 1, Duox1 expression was selectively en-
hanced by the Th2 cytokines IL-4 (4.5-fold increase) and IL-13
(4.4-fold increase). Duox2 mRNA expression was signiﬁcantly
enhanced by the Th1 cytokine IFN-c (19-fold increase). Min-
imal increases in Duox2 mRNA expression were also observed
with IL-1a and IL-1b (2.6-fold increase).
3.2. Duox1 and Duox2 diﬀerentially respond to Th1 and Th2
cytokines in a dose- and time-dependent manner
To further characterize Duox gene expression in response to
these cytokines, we performed time-course and dose–response
experiments. Primary TBE cells grown under ALI cell culture
conditions for one week were treated with IL-4, IL-13, or IFN-
c for up to 72 h. As shown, Duox1 expression increased by 3–
6-fold after treatment with the Th2 cytokines IL-4 and IL-13,
and steady increases in gene expression were observed 72 h
after the initial treatment (Fig. 2A). In comparison, a robust
increase in Duox2 expression (15-fold increase) was observed
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Fig. 1. Diﬀerential expression of Duox1 and Duox2 by Th1/Th2 cytokines. Eﬀect of various cytokines on Duox1 (A) and Duox2 (B) mRNA
expression as determined by real-time PCR analysis. Human primary TBE cells were cultured in ALI conditions for one week prior to RNA harvest.
Expression levels are normalized to GAPDH. Data represent the results from two independent experiments.
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gan to wane at 72 h (Fig. 2B).
Similarly, comparison of the dose responses of Duox1 to IL-
4 and Duox2 to IFN-c (Fig. 3) revealed potentially important
diﬀerences. As shown in Fig. 3, the maximum increase in
Duox1 expression occurred at a concentration of IL-4 between
5 and 10 ng/mL with minimal to no increase in mRNA expres-
sion at higher cytokine levels. In contrast, a linear increase in
Duox2 expression was observed for all the IFN-c concentra-
tions we tested (Fig. 3).
3.3. Apical H2O2 production is increased by Th1/Th2 cytokines
To determine if increased mRNA expression correlated with
functional activity of Duox1 and Duox2, we measured apical
H2O2 generation in human TBE cells after treatment with var-
ious cytokines (Fig. 4). Cytokine treatment alone was able to
signiﬁcantly increase baseline H2O2 production (as measuredby an increase in RFU), and this increased production was
DPI-inhibitable (Fig. 4A).
To determine the amount of H2O2 production that is due to
Duox alone, we subtracted the mean RFU value from un-
treated, DPI-inhibited cells (which likely represents ROS gen-
eration that is independent of Duox protein) from the total
RFU for each cytokine treatment. This value was then normal-
ized to the diﬀerence between the mean RFU of untreated cells
and the mean RFU of untreated, DPI-inhibited cells (Fig. 4B).
Based on this approximation, DPI-inhibitable H2O2 genera-
tion in human TBE cells was increased 5.6-fold with IL-4 treat-
ment, 6.2-fold with IL-13 treatment, and 8.6-fold with IFN-c
treatment. These values were consistent with the cytokine-in-
duced increases in mRNA expression for each Duox isoform
(Figs. 1–3).
Although 1 lM thapsigargin alone, which increases intracel-
lular Ca2+ concentrations, [Ca2+]i, was able to increase H2O2
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Fig. 2. Time-dependent expression of Duox1 after IL-4/IL-13 treat-
ment (A) and Duox2 after IFN-c treatment (B). Real-time PCR
analysis was performed on RNA harvested from human primary TBE
cells cultured in ALI conditions for one week. Expression levels are
normalized to GAPDH. Data represent the results from three
independent experiments.
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Fig. 4. Apical H2O2 production is increased by Th1/Th2 cytokines in
respiratory tract epithelial cells. Cytokine-induced apical H2O2 pro-
duction in human TBE cells was expressed as RFU after subtracting
background ﬂuorescence from adjacent empty wells (A). In (B), a fold-
increase in DPI-inhibitable H2O2 production for each cytokine was
calculated by assigning a value of one to the diﬀerence between the
RFU of untreated cells without DPI and the RFU of untreated cells
with DPI.
4914 R.W. Harper et al. / FEBS Letters 579 (2005) 4911–4917generation in our cell culture system, there was no additive or
synergistic eﬀect observed with combined thapsigargin and
cytokine treatment (data not shown).
3.4. Potential antiviral role for Duox2
Our observations that Duox1 and Duox2 are regulated by
Th1 and Th2 cytokines and that cytokine treatment can in-
crease ROS generation, supports a role for Duox proteins in
host defense. To further elucidate this hypothesis, we examined
expression levels of Duox1 and Duox2 after administration of
multiple Toll-like receptor (TLR) ligands, including peptido-
glycan, lipoteichoic acid, poly(I:C), and CpG oligodeoxynu-
cleotides. No signiﬁcant change was observed with Duox1
expression for all TLR ligands tested (data not shown). Duox2
expression was also unchanged for most of the TLR ligands we
tested with the exception of poly (I:C). Marked elevation of
Duox2 mRNA was observed after the addition of poly(I:C),
and this increase was dose-dependent (Fig. 5A).
Because Duox2 had a robust response to poly(I:C), we eval-
uated if viral infection would similarly induce increased Duox2
expression in airway epithelia. As shown in Fig. 5B, Duox2
mRNA expression was signiﬁcantly elevated 24 and 48 h after
infection of human primary TBE cells with Rhinovirus 1B
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Fig. 5. Duox2 expression is increased by viral mimics and rhinovirus.
Eﬀect of poly (I:C) on Duox1 and Duox2 mRNA expression (A), and
eﬀect of RV1B on Duox2 mRNA expression (B) in human primary
TBE cells. Expression levels are normalized to GAPDH. Data
represent the results from two independent experiments.
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and 48 h after RV1B infection (data not shown).4. Discussion
Recent literature has demonstrated the presence of Duox
proteins in respiratory tract epithelium and suggests Duox pro-
teins are an important source of regulated H2O2 production in
the respiratory tract [5,9,11,17,18]. However, the function of
Duox proteins in the airway remains unknown. Some models
suggest that Duox proteins increase H2O2, or hydrogen ion,
as part of a host defense response [5,10]. Others have suggested
Duox proteins are essential components of oxidant-regulated
signaling pathways [9,19]. To elucidate potential functions of
the Duox proteins, we examined the regulation of Duox1
and Duox2 genes by proinﬂammatory cytokines. We deter-
mined that Duox1 and Duox2 are diﬀerentially regulated by
Th1 and Th2 cytokines. From these data, we suggest that, de-
spite their high degree of homology, Duox1 and Duox2 may be
performing distinct host-defense functions in the respiratory
tract.
Initially, we established that both Duox1 and Duox2 are
present in primary cultures of respiratory tract epithelial
cells. The presence of Duox1 in the respiratory tract is uni-versally accepted, but data are ambiguous regarding the
presence of Duox2 in these tissues [5,10,11,18]. However,
we observed unequivocal expression of Duox2 after cytokine
treatment, which strongly supports the expression of this iso-
form in respiratory tract epithelium. In addition, all of our
experiments demonstrated that baseline Duox1 expression
was consistently 2–5-fold higher than Duox2 (Figs. 1 and
5, and data not shown), suggesting Duox2 expression is low-
er than Duox1 in resting respiratory tract epithelium. The
lower expression of Duox2 in unstimulated respiratory tract
epithelium may explain the ambiguous ﬁndings from previ-
ous investigations.
Of note, we recognize that the real-time PCR techniques uti-
lized herein may not be suﬃcient to compare absolute mRNA
transcript levels between Duox1 and Duox2. Diﬀerences in pri-
mer ﬁdelity may result in lower baseline expression of Duox2.
To conﬁrm that Duox1 expression is higher at baseline com-
pared to Duox2, protein data will be helpful. Unfortunately,
to the best of our knowledge Duox1-speciﬁc antibodies do
not currently exist. The available Duox antibodies will recog-
nize motifs on both Duox proteins [20] or recognize motifs
on Duox2 alone [21], and therefore we will be unable to di-
rectly compare Duox1 and Duox2 protein levels using these
antibodies.
Although Duox1 levels may be higher in the respiratory
tract at baseline, we demonstrated that Duox2 had a signiﬁ-
cantly greater capacity to respond to proinﬂammatory stimuli
compared to Duox1. In general, Duox1 expression increased
2–5-fold after treatment with IL-4 or IL-13. In comparison,
Duox2 expression increased up to 25-fold after treatment with
IFN-c or poly (I:C) (Figs. 1–3 and 5).
There were also signiﬁcant qualitative diﬀerences in how the
Duox enzymes responded to their respective cytokines. Duox2
had low baseline expression, had a rapid and robust response
to extracellular stimuli which waned at 48–72 h, and expres-
sion levels linearly increased at increasing doses of stimuli.
Duox1, in comparison, had higher baseline expression, less ro-
bust but more persistent responses to extracellular stimuli, and
reached ‘‘maximum’’ expression at lower concentrations of
appropriate stimuli (Figs. 2 and 3).
In support of our mRNA data, the ‘‘fold-increase’’ in DPI-
inhibitable H2O2 production was remarkably close to the fold-
increase in mRNA expression. As shown in Fig. 4, near 100%
of the IL-4- or IL-13-induced H2O2 production was inhibited
by DPI (98% and 92%, respectively). This strongly suggested
Duox1 as the sole source of the observed increase in apical
H2O2 production. In comparison, 68% of the IFN-c-induced
H2O2 production was inhibited by DPI, suggesting Duox2 is
responsible for the majority of IFN-c-inducible H2O2 produc-
tion. The other IFN-c-inducible, non-ﬂavin-containing com-
ponent(s) responsible for increased H2O2 production in TBE
cells remain to be determined.
Of interest, these data suggest also that increased expression
of Duox is suﬃcient for increased H2O2 production. We ob-
served that thapsigargin, recognized to increase [Ca2+]i in hu-
man TBE cells [22], was able to increase apical H2O2
production in our cell culture system when used alone
(25000–35000 RFU), but not in the presence of any three of
the cytokines studied (data not shown). This observation
may reﬂect a ceiling for H2O2 production in the respiratory
tract, an inhibitory interaction between cytokine-dependent
and [Ca2+]i-dependent H2O2 production, or a limitation of
4916 R.W. Harper et al. / FEBS Letters 579 (2005) 4911–4917the experimental procedure to reliably detect higher levels of
H2O2.
This is the ﬁrst report to examine the regulation of Duox
expression in the airway, and we have shown Th1- or Th2-
dependent expression of these two enzymes. Although Duox
proteins have been shown to generate H2O2, several questions
remain regarding the biological relevance for Duox expression
in the airway. Based on the speciﬁc cytokines that upregulate
each Duox enzyme, we can speculate on their potential func-
tions.
For example, we suggest Duox2 is an inducible Duox iso-
form in the airway important for monitoring pathologic
changes in the respiratory tract. The observation that Duox2
was highly inducible in comparison to Duox1, was able to re-
spond to a wide range of cytokine concentrations, and was
rapidly downregulated within 72 hours suggests that the pres-
ence of Duox2 is not required in the airway under basal condi-
tions. During infection or inﬂammation, however, Duox2 is
capable of a robust, self-limited response that may be impor-
tant for host defense functions. Speciﬁcally, we observed that
Duox2 expression was signiﬁcantly upregulated by IFN-c,
poly (I:C), or rhinovirus, which suggests a role for Duox2
either in IFN-c-mediated viral clearance or in orchestrating
cellular signaling pathways in response to viral infection.
In contrast, we propose Duox1 is a constitutive Duox iso-
form in the airway, which modulates long-term changes in
the respiratory tract. Qualitatively, Duox1 expression was less
robust in response to cytokines, reached ‘‘maximal’’ expression
at lower levels of cytokine, and the stimulatory eﬀects were
more persistent compared to Duox2. Based on this observa-
tion, we suggest Duox1 aﬀects durable structural features of
the respiratory tract. Speciﬁcally, Duox1 may be a critical
component of IL-4/IL-13-mediated signaling to regulate cell-
cell contacts, mucus expression, and airway smooth muscle cell
density. Dysregulated IL-13 expression, implicated as a foun-
dation for the asthma phenotype [23–27], may drive Duox1-
mediated mucus hypersecretion [9] and smooth muscle cell
hyperplasia [28–30].
Diﬀerential cytokine regulation of Duox1 and Duox2 sug-
gests each protein is performing distinct functions for airway
epithelial host defense, and may explain why two large, highly
homologous proteins have been conserved in the human respi-
ratory tract.
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